Backgrounds and aims Land use is an important factor affecting soil organic carbon (SOC) dynamics and can produce positive C climate feedback, but its effects remain unknown for Tibetan ecosystems. Methods Recent land use changes have converted the traditional winter Kobresia pastures of nomads in the northeastern Tibetan Plateau to Elymus pastures or even to cropland. Detailed SOC measurements up to 30-cm depth were combined with analysis of δ 13 C, δ 15 N, bulk density, microbial C, and N contents in three land use types. Results Bulk density was decreased by conversion from Kobresia pasture to cropland but increased by conversion to Elymus pasture. The loss of 1 % of SOC caused by land use change leads to δ 13
, four times larger than the atmospheric C pool and five times larger than the vegetation C pool. Consequently, even small changes in the soil organic C (SOC) pool would have large effects on atmospheric CO 2 and produce potential feedbacks to climate (Kirschbaum 2004; Heimann and Reichstein 2008; Cotrufo et al. 2011; Stockmann et al. 2013) . Land use change is one of the most important factors strongly affecting SOC stocks and dynamics on earth (Jendinson et al. 1991; Stockmann et al. 2013; Guillaume et al. 2015) . Therefore, understanding how land use changes affect SOC dynamics is important to clarify feedbacks to climate (Stockmann et al. 2013) .
Grasslands are one of the most important vegetation types on earth, covering approximately 40 % of the earth's land surface (LeCain et al. 2002; Wang and Fang 2009) . Global grasslands store about 308 Pg C, with 92 % of that in soils (Houghton 1995) , indicating that grasslands may have great potential to store a considerable fraction of atmospheric CO 2 as organic C in the soil (Reid et al. 2004) . However, recent studies have suggested that large areas of grasslands have suffered soil C losses due to land use change to cropland or intensive pastures. Globally, approximately 6.60×10 8 ha of grasslands has been converted to cropland (Geist 2006) . In the past 20 years (from 1990 to 2010), the grassland area used for pasture and cultivation in China was estimated to exceed 5.3×10 6 ha . These land use changes can strongly alter C cycling with consequences for C stocks Unteregelsbacher et al. 2012 ). Soil C is lost at the rate of 1-2 % of the C stock per year during decades after land use changes from grasslands to agriculture (Newton et al. 1945) . This means that about 20-30 % of SOC can be lost due to grassland conversions to cropland within 2-3 decades (WBGU Special Report 1998) . So far, a total of 77 Pg soil C has been lost due to grassland conversions to cropland worldwide (Geist 2006) . There are three main mechanisms that could increase SOC decomposition after conversion: (1) plowing leading to better aeration, (2) removal of plant biomass by annual harvesting or grazing, and (3) decrease of belowground C input by roots and rhizodeposition. Additionally, other processes such as changes of water budget (Sanaullah et al. 2011) , aggregate destruction (Chen et al. 2007) , fertilization, and decreasing soil C/N ratio may be important for soil C losses.
The Tibetan Plateau covers about 2.6 million km 2 (Zhang et al. 2002) . Alpine steppes cover an area of 800,000 km 2 in the northwest of the Tibetan Plateau (Zhang 1988; Miehe et al. 2011) , and Kobresia pastures cover an area of 450,000 km 2 in the southeast (Miehe et al. 2008) . Those Kobresia pastures are partly secondary grasslands after forests had been cleared since the mid-Holocene (Kaiser et al. 2007; Miehe et al. 2009 Miehe et al. , 2014 . About 7.4 Pg C is estimated to be stored in the upper 1 m of Tibetan grasslands (Yang et al. 2008) . Because of recently enhanced human activities and various sedentarization programs, larger parts of the Kobresia pastures are classified as degraded, and, partly, they have been converted to cropland.
Compared with temperate grasslands, however, only a few studies assessed SOC stocks and C fluxes depending on land use systems in Tibetan Plateau (Li et al. 2006; Wang et al. 2011; Ingrisch et al. 2015) and their effects on SOC dynamics in these montane grasslands (Babel et al. 2014) . Previous studies mostly explored SOC dynamics through measuring SOC contents, a technique that does not allow conclusions about the mechanisms of SOC decrease. Additionally, land use changes can induce shifts in plant functional diversity and community structure. Consequently, these shifts lead to differences in plant litter compounds and thus modify SOC decomposition and storage. During microbial decomposition, isotope discrimination occurs (Šantrůčková et al. 2000; Bowling et al. 2008) . The light isotope (e.g., C and N) is respired, and the heavy isotope (e.g., C and N) is assimilated into biomass that is subsequently deposited in the soil organic matter. Consequently, isotopic enrichment occurs and reflects increased decomposition of soil organic matter. Therefore, we combined direct measurements of SOC with soil δ 13 C and δ 15 N as well as microbial biomass C and N contents to analyze the mechanisms of C and N losses (Guillaume et al. 2015) . To achieve more detailed information regarding the effects of land use on SOC, we analyzed soil samples at 5-cm intervals up to 30-cm depth. The aim of the study was to clarify the effects and mechanisms of land use change on SOC dynamics and stocks in these Kobresia grasslands on the Tibetan Plateau.
Materials and methods

Research site
The study was conducted at the Haibei Alpine Meadow Ecosystem Station of the Chinese Academy of Sciences, Qinghai Province (37°36′ N, 101°19′ E, 3215 m above sea level). At the site, the 25-year mean for precipitation is 600 mm per year. The growing season starts from around April 22 and ends around October 12, with approximately 143 growing days (Li et al. 2004) . Dominant plant species in Kobresia pastures include Kobresia humilis Serg., Stipa aliena Keng., Poa sp., Festuca ovina Linn., Gentiana aristata Maxim., Gentiana straminea Maxim., Saussurea superba Anth., and Gueldenstaedtia diversifolia Maxim. (Zhou 2001) . The soil is classified as Mat-Cryic Cambisol (Chinese Soil Taxonomy Research Group 1995), corresponding to Gelic Cambisol (WRB 1998).
Land use types
At the Haibei research station, Kobresia pastures are often changed to Elymus pastures and croplands. To explore the effects of land use change on montane SOC dynamics, we chose three most common land use types: Kobresia pasture, Elymus pasture, and cropland. These three land uses are in similar positions within the flat landscape and on the same soil type.
Kobresia pasture was in general not used for grazing and not fertilized in the past decade. Ten years ago, both Elymus pasture and cropland had been converted from the Kobresia pasture. Cropland was cropped with oat (Avena sativa). The seeds of A. sativa were scattered each May after plowing (approximately 20-cm depth). Organic manure was used in the cropland at a rate less than 50 kg N ha −1
. Aboveground biomass of A. sativa was harvested every year, and thereafter, the cropland was left bare in winter. The Elymus pasture was established with Elymus nutans. The seeds of E. nutans were scattered only once at the beginning of its establishment. There was no any fertilization during the whole growing period, and this type of pasture was used as winter grazing.
Three plots (30 m×30 m) for each land use type were randomly selected, with the distance of over 100 m between them that assured independence of replicates. The manure had a δ 
Soil sampling
To collect soil, three subplots (5 m×5 m) were randomly placed in each replicate plot. Soil samples were taken from a pit (50 cm×50 cm) located at the center of each subplot, at 5-cm intervals up to 30 cm in depth. Soil from each layer of the three subplots in a replicate plot was mixed together. After collection, soil samples were immediately transferred to the laboratory. Living roots were carefully removed from the soil and were sieved to <2 mm. A subsample of 20-g fresh soil was dried at 75°C for 48 h and was ground to a fine powder using a ball mill (MM200, Retsch, Haan, Germany). The remaining soil was stored at −20°C for microbial biomass measurements.
Analyses
Soil bulk density was determined by core cutter method. Ground soil was weighed into tin capsules and analyzed for total C, N, δ 13 C, and δ 15 N by continuous-flow isotope ratio mass spectrometry coupled with an elemental analyzer (EA 1110; CE Instruments, Milan, Italy) (EA-IRMS) and a ConFlo II device connected to IRMS (FinniganMAT 253, Bremen, Germany). The δ 13 C and δ 15 N abundance in soil is expressed in δ units as related to V PDB standard.
Microbial biomass C was measured after chloroform fumigation and extraction of dissolved organic C (Vance et al. 1987) . Microbial biomass C was estimated from the difference between total organic C in the extracts from fumigated and non-fumigated soils, with a k EC factor of 0.45 (Wu et al. 1990 ). Microbial biomass N was estimated from the difference in total N from the extracts of fumigated and non-fumigated soils, with a k EN factor of 0.54 (Brookes et al. 1985) .
Calculations and statistics
Soil organic C stock (kg C m −2 ) was calculated as a sum of SOC amounts (SOC content multiplied by bulk density and the thickness of soil layer) in each layer up to 30 cm (Wu et al. 2003) . The standard errors of means are presented in figures. Two-way analysis of variance (ANOVA) was used to estimate the effect of land use and soil depth on SOC, total N, microbial biomass C and N, as well as soil δ 13 C and δ 15 N. One-way ANOVA was used to estimate the effect of land use on stocks of SOC and microbial biomass C. Linear regression was used to correlate SOC and total N, microbial biomass N or soil δ 13 C. Linear regression was also used to correlate log SOC% and soil δ 13 C for each land use type for estimation of SOC turnover (Garten 2006; Guillaume et al. 2015) , as well as to assess the increase of δ 13 C (Δδ 13 C) and the decrease of SOC (ΔSOC) caused by land use changes from grassland to cropland or Elymus pasture. All statistical analyses were performed with SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). All differences were tested for significance at P=0.05.
Results
Effects of land use change on soil bulk density, SOC, and total N Land use change affected bulk density, SOC, and total N, and these effects were dependent on land use and soil depth (Fig. 1, Table 1 ). The bulk density ranged between 0.69 and 1.19 g cm −3 for Kobresia pasture, between 1.02 and 1.20 g cm −3 for Elymus pasture and between 0.81 and 1.12 g cm −3 for cropland. In the upper 5 cm, conversion from Kobresia pasture to Elymus pasture and cropland significantly increased bulk density. Below the 5-cm depth, the conversion to Elymus pasture increased density while the conversion to cropland decreased density. In Kobresia pasture, bulk density increased with depth from 0.69±0.04 g cm −3 at the upper 5-cm depth to 1.19±0.02 g cm −3 at the 30-cm depth. A steep increase was observed from the top 5-cm depth to the 10-cm depth (Fig. 1) . SOC ranged between 3.84 and 7.37 % for Kobresia pasture, between 4.30 and 5.52 % for Elymus pasture, and between 4.46 and 5.21 % for cropland. Land use change from Kobresia pasture to Elymus pasture, and cropland decreased SOC contents in all depths, except the lowest depth (Fig. 2a) . In the upper 5 cm, land use change strongly decreased SOC by about 30 %. SOC in pasture from the surface to 20-cm depth was Fig. 1 Soil density in the upper 30 cm after the conversion from Kobresia grassland to Elymus pasture and cropland (Avena sativa) for 10 years. Each value is means±SE of three replicates significantly lower than in Kobresia pasture (Fig. 2a) . Along the profile, SOC in Kobresia pasture strongly decreased with depth due to lower C input by roots below 5 cm. Compared to Kobresia pasture and cropland, SOC in Elymus pasture varied slightly by depth (Fig. 2a) . Total N showed similar patterns as those of SOC among three land use types (Fig. 2b) . Land use changes increased soil C:N ratios, with the highest values in Elymus pasture and the smallest in Kobresia pasture. Soil C:N ratios in cropland were close to those in Elymus pasture (Fig. 2c) . Land use change showed significant effects on microbial biomass C, but no strong effects on microbial N (Table 1) . Soil depth significantly affected microbial C and N (Table 1 ). An especially clear pattern was that the conversion from Kobresia pasture to cropland significantly decreased microbial biomass C by 50 % in the surface soil, while the conversion to pasture significantly decreased microbial biomass C in the 5-10-cm layer due to mixture by tillage (Fig. 3a) . Along the profile, microbial biomass C strongly decreased with depth, except the upper 5 cm for cropland (Fig. 3a) . Microbial N in the three land use types showed similar patterns to those of microbial C (Fig. 3b ). Land use changes had no effects on microbial C:N (Fig. 3c) .
Effects of land use change on soil δ Fig. 4 ). The conversion from Kobresia pasture to Elymus pasture strongly increased δ 13 C in SOC (Fig. 4a) . With increasing depth, δ 13 C in SOC increased, while cropland showed a slight decrease in the upper 15 cm due to mixture by tillage (Fig. 4a) . In the upper 5 cm, δ (Fig. 4b) . Correlations between soil organic C, microbial biomass C, and δ
C
Across the three land use types, SOC was strongly correlated with total N (y=0.10x-835, R 2 =0.88, Fig. 5a ) and microbial biomass C (y=222x+646, R 2 =0.59, Fig. 5b ). Soil δ 13 C significantly decreased with SOC contents (y=−0.0001x-15.9, R 2 =0.77, Fig. 5c ). Soil δ
13
C significantly decreased with log SOC% for each land use type in the upper 15-cm depth, with a marginally significant effect between cropland/Elymus pasture and Kobresia pasture (P=0.058, Fig. 5d ). We calculated the difference in SOC (ΔSOC) and in δ Effects of land use change on C stocks and the size of microbial biomass C According to soil bulk density and SOC content in each soil layer, we found the C stock decreased compared to Kobresia pasture for cropland until 25-cm depth. By comparison, Elymus pasture did not lose C in the top 5-cm soil but decreased its C stock from 5-to 20-cm 236 Plant Soil (2015) 395:231-241 in Elymus pasture (Fig. 7a) pool for Elymus pasture increased in the top 5-cm depth but strongly decreased in the second layer compared with Kobresia pasture (Fig. 7b) . At the 30-cm depth, microbial biomass C was estimated to be 153±8.4 g C m −2 in Kobresia pasture, 118±24 g C m −2 in cropland, and 147±12.6 g C m −2 in Elymus pasture (Fig. 7b) . Ten years after the conversion, a significant C loss (10.1 % of total SOC) was observed in cropland, while there were only insignificant C losses (1.6 % SOC) in pasture. However, microbial biomass C was strongly reduced by 22.8 % in cropland, compared to Kobresia pasture.
Discussions
Processes and mechanisms for soil C losses
The C stock is mainly determined by the balance between net C inputs to the soil as organic matter and net C losses from the soil as CO 2 . Previous studies have suggested that C is lost due to increased SOC decomposition caused by various cultivation practices and removal of plant biomass by annual harvesting (Geist 2006; Braimoh and Vlek 2008) . In this study, greater difference in SOC, microbial biomass, soil δ 13 C, and soil bulk density were mostly observed in the top 5-cm depth, reflecting land use changes strongly affecting the surface layer, where C and N cycling could be accelerated by tillage and grazing. Further, we confirm that land use change from grasslands to agricultural uses can cause soil C loss (Geist 2006; Piñeiro et al. 2010) and specify that the magnitude of the C loss depends on the land use types, e.g., conversion to cropland (10 %) led to more C losses than Elymus pasture (1.6 %).
Higher δ 13 C of SOC generally suggests highly microbially processed and stronger SOC decomposition (Garten et al. 2000; Poage and Feng 2004; Bowling et al. 2008) . In this study, we found that a decrease of 1 % of SOC led to an increase in the δ 13 C of 0.8‰ in montane soils. Therefore, higher δ 13 C across the soil profile in Elymus pasture compared to both Kobresia pasture and cropland (Fig. 4a) indicates enhanced SOC decomposition in pasture. This is also reflected by decreased soil C:N ratios under Elymus pasture (Fig. 2c ) due to C depletion by enhanced decomposition. The relationship between δ 13 C and the logarithm of C content can reflect SOC turnover (Garten 2006; Guillaume et al. 2015) . In this study, the steeper slope of cropland than that of Kobresia pasture in the top 15-cm depth demonstrates increased decomposition (Fig. 5d) (Yi et al. 2003) . Second, carbonates could contribute to higher δ 13 C in SOC in lower soil layers due to high pH (around 8.0) at this site, but a previous study at the same site showed that δ 13 C values in SOC after removal of carbonates with HCl solution are very close to ours at the corresponding soil layers (Yi 2004 ). This indicates that higher δ 13 C in SOC at lower soil layers could not be ascribed to inorganic C. On the basis of δ 13 C signature in soil organic matter, Yi (2004) suggests that it may be derived from ancient C4 vegetation. Third, trampling by grazers leads to soil compaction and causes vertical shifts in soil profile. This Fig. 7 The stocks of soil organic carbon (a) and microbial biomass carbon (b) in the upper 30-cm depth after the conversion from Kobresia pasture to Elymus pasture and cropland (Avena sativa) for 10 years. Each value is means±SE of three replicates also alters δ 13 C signature along the soil profile. Finally, the remaining C stocks in these soils are too high, and the changes of the turnover may be not visible by this approach within 10 years.
Additionally, several studies have suggested that soil δ 15 N can reflect SOC turnover, but no strong correlation was observed between SOC contents and δ 15 N values. This is ascribed to the complexity of the N cycle in terrestrial soils (Schleuss et al. 2015) . Soil δ 15 N is a result of the isotopic compositions of N inputs, fractionations associated with N transformations and N losses (Hobbie and Ouimette 2009; Wang et al. 2013 ) and is often regarded as an integrator of the N cycle (Robinson 2001) . Therefore, significantly higher δ 15 N in the upper 5-cm soil depth in pasture than that in grassland (Fig. 4b) indicates accelerated N cycling in Elymus pasture, because grazers can increase δ 15 N of soil by promoting N losses from the soil via NH 3 volatilization and denitrification (Frank and Evans 1997; Cheng et al. 2009 ). However, no C loss occurred in Elymus pasture compared to Kobresia pasture. This indicates that soil compaction caused by trampling of yaks and goats resulted in higher soil bulk density in Elymus pasture is another pathway controlling its SOC stocks, although numerous studies suggest that grazing in Elymus pasture alters SOC stocks simultaneously through changing net primary production, N stocks, and increased decomposition (Piñeiro et al. 2010; McSherry and Ritchie 2013) . Further studies should investigate how grazing strongly decreases SOC content yet does not change its stocks.
Despite a small amount of manure inputs to cropland, a significant C loss occurred in cropland compared with Kobresia pasture. This is mainly ascribed to low C input to the soil in croplands due to harvest of aboveground biomass. Additional explanation is that tillage increases SOC loss by breaking open aggregates to expose protected organic C to microbial breakdown (Tian et al. 2015) . This is reflected in decrease of microbial biomass C (Fig 3a) and increase of soil δ 13 C (Fig 4a) . The increased decomposition leads to rapid depletion of labile substrates (without strong input by plant residues and rhizodeposition) and thus limits microbial growth in Elymus pasture and cropland.
Relevance for C sequestration Guo and Gifford (2002) highlighted the effects of land use changes on soil C stocks, showing land use changes from pasture to cropland reduces total C stocks by 59 % over several decades. Our results showed a much smaller decrease of C stocks. Land use change from Kobresia pasture to Elymus pasture and cropland, 10 years ago, lead to a loss of 10 % of the C stock in cropland and 1.6 % in Elymus pasture within 30-cm depth. This corresponds to a loss of 160 g C m −2 year −1 and 25 g C m −2 year −1 in the upper 30-cm soil, offsetting C accumulation in Kobresia pasture soils (Tian et al. 2009 ). Compared to previous studies in the same area, 78.6 g C m −2 year −1 in the upper 40 cm was lost when
Kobresia pasture was changed to cropland within 30 years (Li et al. 2006) , half of our estimate in the 30-cm soil profile over 10 years. Greater C stock loss could be due to rapid depletion of labile organic C at early stages of land use change. Compared to other regions, low SOC loss caused by the conversion from Kobresia pastures to cropland could be ascribed to low temperature and short vegetation period, both limiting SOC decomposition in alpine regions (Song et al. 2010; He et al. 2014 ).
Half of the entire Tibetan Plateau is occupied by various montane grasslands, storing about 7.4 Pg C within the upper 1-m soil depth (Yang et al. 2008 ). If we assume that all montane grasslands will be converted to croplands, the total soil C loss can be estimated to be 0.74 Pg C within 10 years. The conversion from Kobresia pasture to Elymus pasture did not lead to significant C losses, but the soil fertility and properties decreased due to increased bulk density and reduced microbial biomass, both key parameters to maintain soil structure and functions. In the long run, net primary production could be reduced in pasture and thus affect the C stock.
In summary, we conclude that the conversion of montane Kobresia grasslands to cropland decreases C stocks, while the C stocks were unchanged after conversion to Elymus pasture. Low C input due to harvest of aboveground biomass is the major pathway for decreased SOC stock in croplands, while trampling caused by grazers is responsible for unchanged C stock in Elymus pasture. Soil δ 13 C and δ 15 N are useful to explore SOC dynamics caused by land use changes because they can reflect changes of C and N cycling. These findings suggest that it is essential to make a full evaluation before montane Kobresia grasslands will be converted to cropland, especially in sensitive ecosystems of the Tibet Plateau, where montane grasslands are more fragile to environmental changes and very hard to restore.
